Heart failure is an increasingly common problem in Europe, affecting between 0.4 and 2% of the population. Cardiac resynchronisation therapy has now established itself as a new treatment for patients with more severe heart failure. However, at present it only appears to help around two-thirds of the patients in whom it is implanted. This chapter will focus on the evidence behind this new therapy and discuss how we might improve the success rate in the future.
Introduction
Chronic heart failure (CHF) is a constellation of symptoms underpinned by failure of the heart, in particular the left ventricle, to supply the body with the quantity of blood it requires to function normally. Typical symptoms include shortness of breath on relatively minor exertion and fatigue. Some patients become cachectic; they gradually lose their muscle mass, probably as a consequence of both inactivity and the disease process itself. For many, fl uid retention in their lungs (pulmonary oedema), lower limbs (peripheral oedema) and abdomen (ascites) is a major problem. It is not uncommon for patients to gradually accrue 10 l or more of excess fl uid, which may lead to a prolonged hospital stay.
Heart failure is a common disease in Europe and is increasing in prevalence. It affects somewhere between 0.4 and 2% [1] of the population, the variation being due to inconsistent defi nitions and methods of data capture. It is predominantly a disease of the elderly, with a mean age of onset of 74 years. The most frequent cause in the UK is ischaemic heart disease.
The prognosis of heart failure is thought to be poor, with an estimated mortality of around 60% after 5 years [2] . This rather dismal prognosis, comparable to many cancers, may improve [3] , and the widespread adoption of drugs, particularly beta-blockers and angiotensin converting enzyme inhibitors, will hopefully impact benefi cially in the future.
Cardiac resynchronisation therapy (CRT) has now established itself as an important therapeutic option for patients with severe CHF. Many patients with heart failure have ventricles which contract in an uncoordinated or dyssynchronous manner. CRT, which involves activating the various chambers of the heart, using a pacemaker, in a carefully timed sequence, can improve heart function in such individuals. We will review some of the evidence supporting its use in carefully selected patients with heart failure, and discuss why it appears to work only in about two-thirds of patients and how we may improve this fi gure in the future. The technical details of device programming and implantation are beyond the scope of this chapter.
Basic concepts and techniques

Methods for assessing the severity of heart failure
There are various methods for standardising the assessment of patients with heart failure which clinicians fi nd useful. It is usual to combine several measures to attempt to describe how severely affected patients are with heart failure.
NYHA Class
NYHA Class is a widely used measure of heart failure severity, and almost every trial of heart failure will use this measure. It is a very subjective measure, but has stood the test of time. Table 1 contains the formal defi nition of the measure.
Quality of life
Quality of life measures are used to estimate the impact of a disease on a person's life. They can be generic, and used to assess any disease or situation, such as the 'Short Form 36', or specifi c, and tailored to measure the impact of a specifi c condition. The 'Minnesota Living with Heart Failure Questionnaire' is probably the most recognised specifi c quality-of-life measure for heart failure. Scores range from 0 to 105, and a higher score indicates a worse quality of life.
Measures of exercise tolerance
Two commonly used measures of exercise tolerance are the 6 min walk and the cardiopulmonary exercise tolerance test. The former is simply a measure of how far a patient can walk in 6 min, and is typically performed in a long, fl at corridor. The latter is a 'gold standard' measure of exercise tolerance. It involves exercising to exhaustion on a treadmill or exercise bike. Inspired and expired gases are collected and analyzed in real time, often using a mass spectrometer. The amount of oxygen consumed per minute by the exercising person is calculated at peak exercise (The peak oxygen consumption or V . o 2 ) as are a number of other parameters.
Invasive measures of haemodynamic function
The pulmonary capillary wedge pressure (PCWP) is an indirect measure of the pressure in the left atrium. A catheter is inserted via a vein in the neck or leg and guided into the pulmonary artery. It is then advanced still further until it is 'wedged'. The pressure at the tip then represents the back pressure from the left atrium, rather than the pressure in the pulmonary artery. This is related to left Patients with heart failure typically have reduced cardiac outputs (the amount of blood pumped by the heart over a given time period, usually measured in litres/minute; a typical resting value is approximately 5 l/min). There are an ever-increasing number of methods for estimating cardiac output, which are beyond the scope of this chapter.
Normal cardiac anatomy and function
To understand this chapter it is also important to appreciate the basic structure and function of the heart. The following image ( Figure 1) is from an echocardiogram. Echocardiography, or cardiac ultrasonography, is one of the most important methods for evaluating cardiac function.
It is an interface of medicine, acoustic engineering and signal processing. Echocardiography exploits the properties of sound waves, and measures the intensity and frequency of refl ected waves as they are passed through the body. Various manipulations of the signal allow the structures of the heart to be seen (M-mode and two-dimensional echocardiography) and fl ows to be measured or visualised (pulsed-and continuous-wave Doppler, colour Doppler).
To create this particular image the probe is typically placed just below and lateral to the left nipple and angled towards the junction of the sternum and clavicle. The precise position varies for each individual. The apex of the heart is located at the top of the picture closest to the probe. The base of the heart is that which is most distant from the probe. The left ventricle is seen on the right and the right ventricle on the left. This is a rather confusing convention. The ejection fraction is an estimate of the percentage change in volume of the left ventricle as it contracts. It is typically measured by echocardiography. There are a number of techniques described to estimate this value. In healthy individuals, 60-80% of the blood is ejected by the ventricle during contraction. During heart failure this falls to below 55%. In patients more severely affected by typical systolic left ventricular failure an ejection fraction of less than 35% is not uncommon.
It is also important to understand the anatomy of the coronary sinus [4] . The network of veins which drain the cardiac muscle drain into the coronary sinus, which in turn drains into the right atrium ( Figure 2 ).
Normal cardiac conduction
Electrical impulses in the heart begin in the sinoatrial (SA) node, which is located in the right atrium. This small body of tissue, about 1-2 cm long and 2-3 mm wide, contains cells with the property of inherent automaticity, that is they regularly fi re off (depolarise) at predictable intervals. The rate of depolarisation is determined by a wide variety of inputs. The electrical impulses produced by the node spread rapidly across the atria, possibly in part through specialised pathways, but are usually prevented from spreading to the ventricles by a rim of tissue between them, the annulus fi brosus.
Impulses are allowed to pass to the ventricles via the atrioventricular (AV) node. This is a compact structure located anterior to the opening of the coronary sinus and just above the annulus of the tricuspid valve. The AV node conducts impulses from the atria to the ventricles along specialised conduction pathways: the His bundle and the left and right bundles (which are made up from Purkinje fi bres and cells). These supply the left and right ventricles, respectively. Normally the spread of electricity through the ventricles results in near synchronous contraction and takes less than 80 ms.
The electrocardiogram
The electrocardiogram (ECG, Figure 3 ) is currently of central importance in determining suitability for cardiac resynchronisation therapy (CRT). The standard 12-lead ECG is . QRSd -QRS duration (normal Ͻ 100 ms). QT -QT interval, the total time for ventricular depolarisation and repolarisation. RR -RR interval, effectively the heart rate; an RR interval of 1s equate to a heart rate of 60 beats per minute. representative of the heart's electrical activity, recorded by 10 electrodes placed on the body surface.
Bundle branch block
In the case of either right ventricular pacing or conducting system disease affecting the left ventricle, when the lateral wall of the left ventricle depolarises, and hence contracts, late, a characteristic pattern tends to be seen on the surface electrocardiogram: left bundle branch block (LBBB). A QRS complex, normally less than 80 ms, widens, and there is a characteristic pattern of depolarisation. A wide QRS complex is a central criterion for determining eligibility for CRT.
The following fi gure ( Figure 4 ) represents a recording from one lead (V1) from three patients. The QRS complex is different in each, in terms of both its width and the direction of the predominant defl ection. 'A' represents a normal appearance. There is an initial small upward defl ection and then a dominant downward defl ection before returning to baseline. The complex is narrow -its duration is 78 ms. 'B' shows someone with LBBB. There is no initial upward defl ection (the R wave) and the complex is much broader -148 ms. 'C' shows someone with right bundle branch block (RBBB). The complex is upward and broad (128 ms). It is less clear at present if patients with RBBB benefi t from CRT. 3 Conventional pacing and cardiac resynchronisation therapy
Conventional permanent pacing
Conventional ventricular pacing ( Figure 5 ) entails placing a wire at the apex of the right ventricle and connecting that to a pulse generator located under the skin on the chest wall. It has been undoubtedly lifesaving for many individuals in whom the normal conducting system is diseased. Pacemaker insertion is a relatively straightforward procedure that can be carried out under local anaesthesia, and usually takes just less than an hour. It is also usual to place a lead in the right atrium.
Cardiac resynchronisation therapy
Cardiac resynchronisation therapy (CRT) involves pacing not only the right ventricle but also the left ventricle. The aim is to produce more coordinated contraction of the ventricles.
Pacing the left ventricle is not straightforward. The only normal access from the venous system is via the interatrial septum -crossing from the right atrium to the left atrium and into the left ventricle, or retrogradely from the arterial system through the aortic valve. Both can be achieved, but the problem is that pacing leads in the left ventricle can cause thrombus to develop, and this can dislodge to cause complications such as stroke. The left ventricle is also much smoother than the right ventricle, and pacing wires are more prone to dislodge. Another alternative is to attach electrodes to the surface of the left ventricle, but this requires major surgery and the leads are prone to fracture. These limitations can be resolved by inserting pacing wires down the coronary sinus. Although this is a standard approach, it is technically challenging; it requires a great deal of skill to achieve implants successfully, and procedures typically take between 1 and 2 hours. Lead technology still needs a lot of improvement, as these leads are much more prone to dislodge than those placed in the right atrium or ventricle.
Dyssynchrony
Dyssynchrony and its assessment is a concept of abnormal ventricular function which is important to understand in the context of cardiac resynchronisation therapy, as the correction of dyssynchrony is the proposed mechanism by which CRT works. In this context, dyssynchrony is the term used to describe the situation in which one part of the heart is working out of step with another part. The presence of dyssynchrony does not imply the presence of heart failure, but when present in heart failure it is often associated with more severe symptoms. There are three types of dyssynchrony: atrio-ventricular (AV) dyssynchrony, interventricular dyssynchrony and intraventricular dyssynchrony.
It is hard to determine the precise prevalence of the different types of dyssynchrony in patients with heart failure, as the methods for determining interventricular and intraventricular dyssynchrony are many and varied, and there remains some debate in the literature over defi nitions. This situation is likely to be dealt with as further studies become available.
Atrioventricular dyssynchrony
This is where the time delay between atrial and ventricular contraction is suboptimal. Dualchamber pacing can rectify this. The normal delay between the onset of electrical activation of the atrium and the ventricle (the PR interval) is between 120 and 210 ms. In some patients this can be prolonged, and is termed as fi rst-degree heart block. When it stretches beyond 300 ms there is a conventional indication for fi tting a dual-chamber pacemaker (having wires in the right atrium and ventricle) in patients who are symptomatic. In the diagram above the PR interval (A) is 336 ms (Figure 6 ).
Interventricular dyssynchrony
This is where the time delay between left and right ventricular contraction is suboptimal. This can be induced by left bundle branch block (or right bundle branch block) or conventional RV apical pacing, and can be rectifi ed by CRT. It can be evaluated using echocardiography. Two echocardiographic techniques are commonly used to evaluate interventricular dyssynchrony. One simple technique is to measure the time from the onset of the QRS complex to start of ejection of blood through the pulmonary valve (right side) and aortic valve (left side) using pulsed-wave Doppler (Figure 7) . A difference between these two intervals of greater than 40 ms has been proposed to indicate interventricular dyssynchrony [5] .
Tissue Doppler imaging (TDI) has also been used. This technique follows a particular part of the ventricular wall as it moves through systole and diastole and records the instantaneous velocities at intervals through this period. In this situation the peak systolic velocities of the right ventricular free wall, septum and left ventricular lateral wall, and their timing in relation to the QRS complex are recorded (Figure 8 ).
Intraventricular dyssynchrony
This is where the time delay between the contraction of different segments of the left ventricle is suboptimal. It is seen particularly in patients with heart failure and broad QRS durations. This can be rectifi ed by CRT.
There appear to be an increasing number of methods for determining intraventricular left ventricular dyssynchrony, as it is believed that these methods can be used to refi ne patient blood fl ow in a patient with heart failure secondary to ischaemic heart disease. In this example the difference is negligible and there is no interventricular dyssynchrony. selection. Many now believe that it is the presence of intraventricular dyssynchrony which is of paramount importance in determining the response to CRT. Some methods are summarised in the following table (Table 2) . M-mode echocardiography can be used to estimate the delay in the contraction of the septum and posterior walls of the left ventricle. A value of greater than 130 ms has been suggested as a marker of dyssynchrony. This value can be diffi cult to obtain in practice.
Two-dimensional echocardiography can be used to assess dyssynchrony between the septum and lateral walls. This method depends upon accurate detection of the left ventricular borders and the use of specifi c contrast media [14] .
The method most commonly used to assess dyssynchrony is probably tissue Doppler imaging (TDI), however. This method can be straightforward to apply provided the image quality is good enough and reproducible. It facilitates distinguishing between patients who have poor ventricular function and patients who in addition exhibit dyssynchrony. The measures can be obtained directly using pulsed-wave TDI (Figure 8 ) or post-processing can be used to colourcode images.
Pulsed-wave Doppler imaging is time-consuming, and only one area of the heart can be studied at a time, which precludes a simultaneous assessment of the function of different regions of the heart. Data for its effi cacy in this context are limited. These limitations do not apply to colour-coded TDI. Most studies of colour-coded TDI use the time to peak systolic velocity to assess LV dyssynchrony. A delay of greater than 60 ms in the septal to lateral peak systolic velocity is indicative of signifi cant intraventricular dyssynchrony.
Tissue synchronisation imaging (TSI) can be viewed as an evolution of TDI and is available using the GE Healthcare Vivid echo machines. Colour coding is superimposed on the the interventricular septum and the lateral wall of the left ventricle. The point of imaging is always focused on that part of the myocardium at the base of the ventricle adjacent to the atria. The third set of panels shows the appearance when 'M-mode' is selected. The upward defl ection in the trace represents the absolute movement of the area of myocardium imaged towards the apex. There is good excursion of the right ventricular free wall of approximately 2 cm. There is some movement of the lateral wall, but the septum (middle panel) moves little. The bottom three panels represent the corresponding tissue Doppler image. This measures the rate of change of velocity of the area of the myocardium, rather than the absolute movement -essentially the M-mode signal is differentiated. Of the bottom two sets of images, most fi nd the tissue Doppler images the easiest to interpret, but it is really related to familiarity with the different techniques. (Figure 9 ).
The theoretical basis for CRT
We have already described how CRT is achieved and the situations that occur in poorly functioning hearts which CRT can correct, but it is important to understand two fundamental observations that have led to the development of this therapy, in order to understand why it does not appear to work for all the patients selected.
Left bundle branch block
The pattern of LBBB is associated with a poor outcome in patients with heart failure. A QRS duration of Ͼ120 ms is found in around 30% of patients with heart failure and most commonly manifests as LBBB [15] ; RBBB is 4 to 6 times less prevalent. The ejection fraction also appears to be inversely related. As the QRS duration increases, the left ventricular ejection fraction tends to fall [16, 17] . Studies have compared survival in patients with differing QRS durations. A group from our own institution compared survival of patients with QRS durations Ն120 and Ͻ120 ms; 5-year survival was signifi cantly lower in the former group (47% vs. 84%, p Ͻ 0.0001) [18] . These fi ndings are supported by many other studies.
Right ventricular apical pacing
As stated above, during conventional pacing, the normal system of ventricular activation is bypassed. A pacing wire at the apex of the right ventricle causes electrical activation of the right ventricle fi rst, and then electrical activity spreads across to the left ventricle. The surface ECG typically shows LBBB. It should be noted that detailed studies of ventricular activation suggest that the precise movement of the left ventricle is different when LBBB is induced by pacing compared with LBBB that occurs as a result of ventricular disease. The true clinical importance of this has only been realised recently. One of the earliest prospective trials to suggest that RV pacing was a clinical problem was published in 1997 [19] . This study was designed to compare single-chamber atrial pacing with single-chamber ventricular pacing for a condition known as sick sinus syndrome. All-cause mortality was higher in the ventricular pacing group (atrial group vs. ventricular group: relative risk 0.66 [95% CI 0.44-0.99], p ϭ 0.045). Heart failure symptoms, as assessed by NYHA class, were higher from 3 months after the insertion of a pacemaker in the ventricular pacing group ( p ϭ 0.010, 2 test). This difference persisted for 7 years of follow-up. Diuretics, which essentially remove fl uid from the body, are one of the mainstays of treatment for heart failure. The use of diuretics was also greater in the ventricular pacing group.
The Mode Selection Trial (MOST ) was re-analysed in retrospect in 2003 [20] . This trial was designed to compare the effects of dual-chamber pacing or ventricular-only pacing in patients with sinus node dysfunction (The sino-atrial node is the natural pacemaker of the heart and is located in the right atrium. In this condition, the function of the sino-atrial node is erratic). The chance of being hospitalised with heart failure or developing atrial fi brillation (a situation in which the atria depolarise in a chaotic and random fashion, rather than in a co-ordinated way, often leading to a rapid and irregular heart rate) was directly related to the proportion of time the right ventricle was paced. For patients who were paced more than 80% of the time, compared with the remainder, the relative risk of hospitalisation with heart failure was 3.6 (95% CI 1.93-6.70, p ϭ 0.0001). The Dual-Chamber and VVI Implantable Defi brillator (DAVID) trial was set up to prove that in the context of an implantable defi brillator (ICD), regular pacing of the atria and ventricle at a rate of 70 beats/min would be more benefi cial than simple back-up pacing if the heart rate dropped to below 40 beats/min. An ICD is a pacing device that can deliver a shock to the heart in the event of an abnormal ventricular rhythm such as ventricular tachycardia or fi brillation. The study was terminated early due to an excess of deaths and hospitalisations for heart failure in the regular pacing group [21] .
In the Multicenter Automatic Defi brillator Implantation Trial II (MADIT II) single-and dual-chamber ICDs were implanted. The patients with defi brillators lived longer, but had higher rates of heart failure admissions. One hypothesis is that unnecessary RV pacing led to worsening ventricular function [22] .
In summary, when the activation of the ventricle is not as it should be, either because of intrinsic disease in the conducting system or because of right ventricular apical pacing, then the chances of heart failure developing or worsening are higher. It was this concept that led to the development of cardiac resynchronisation, the principle of which is to change the pattern of ventricular activation by pacing the left ventricle and the right ventricle almost simultaneously, and in particular to cause early activation of the basal segments of the lateral left ventricular wall. These are the areas of the myocardium that need to be activated in patients with LBBB. Logically, the presence of a broad QRS complex was used as a selection criterion. The fi rst studies suggesting that this was a viable approach were published in 1994 [23, 24] .
6 The evidence for dual-chamber pacemakers and CRT in heart failure
Dual-chamber pacing
In more advanced cases of CHF many patients have signifi cant mitral regurgitation, due to left ventricular dilatation stretching the supporting tissues. The mitral valve separates the left atrium from the left ventricle. Regurgitation of this valve permits blood to fl ow back towards the lungs rather than onwards through the aorta and around the body. Blood often fl ows back into the atrium before it escapes through the aortic valve during systole; this is termed presystolic mitral regurgitation. The movement of blood from the left atrium to the left ventricle in the period of diastole may also be abnormal. As the left ventricle fails and becomes stiffer, the pressures in it at the end of diastole rise.
Both presystolic mitral regurgitation and fi lling abnormalities can be corrected by dual chamber (and hence CRT), at least at rest, by shortening the AV delay. In the early 1990s significant improvements in NYHA class and increases in blood pressure were noted [25] . However, subsequent trials failed to confi rm these fi ndings [26, 27] .
The reason why dual-chamber pacing is unlikely to benefi t most patients is twofold. First, as has already been argued above, apical right ventricular pacing can worsen cardiac function. Second, the optimal AV delay varies with different heart rates and between individuals [28] . We do not yet have the technology to optimise the AV delay for all individuals in all circumstances. Thus dual-chamber pacing is not recommended for patients with heart failure in the absence of a conventional indication for pacing. optimising the AV delay remains diffi cult, and may be of limited relevance, unless it is markedly prolonged [29] . Evidence that optimising the AV delay in the context of CRT is benefi cial is lacking at present.
CRT
Based on some case reports, the initial data supporting CRT as a viable approach to treating patients with heart failure came from acute studies on small numbers of patients. The following table (Table 3) shows the results from a sample of those studies.
Two of the studies documented a fall in the PCWP, indicating an improvement in ventricular function. The study by Cazeau et al. demonstrated that pacing could improve the cardiac output, again indicating an improvement in ventricular function. These studies, and many others, suggested that pacing of the right ventricle in conjunction with the left ventricle via the coronary sinus was benefi cial, at least in carefully selected patients in the short term.
Subsequently fi ve well-designed, large, randomised controlled trials have been published (Table 4) . These enrolled patients with more severe heart failure, permanent devices were implanted, and follow-up over at least 6 months was performed. Importantly, the criteria for selecting patients have been symptoms, ejection fraction and a broad QRS complex. In total over 3000 patients with heart failure have been studied in these trials. Of note, all patients in these trials were in normal sinus rhythm and on optimal medical therapy.
MIRACLE
The Multicenter Insync RAndomized CLinical Evaluation (MIRACLE) was the fi rst randomised controlled trial to be published, in 2002 [33] . In addition to the entry criteria above, patients were required to have evidence of a dilated left ventricle (end-diastolic dimension Ͼ55 mm) and objective evidence of impaired exercise tolerance with a 6 min walk distance of Ͻ450 m. Four hundred and fi fty-three patients were successfully entered into the study and followed up for 6 months. Two hundred and twenty-fi ve patients were randomly assigned to the control group, and the remainder received a CRT device. There were signifi cant improvements in 6-min walk distance, quality of life and NYHA class, as well as in other measures. Seventy-nine per cent of patients who received a device reported an improvement in their state over the study period. There was no signifi cant reduction in death rate.
MIRACLE-ICD
It is now common to implant devices that have the ability to both resynchronise and defi brillate (CRT-D). This trial was the fi rst large-scale trial to evaluate these devices [34] . All 369 patients had a CRT-D device inserted, but only 187 had the CRT function activated. The remainder served as controls, with only the defi brillator active. Compared with the control group there was a signifi cant improvement in quality of life, NYHA class and peak oxygen consumption. There was no difference in survival between the groups; however, the study was not adequately powered to detect such a difference.
MIRACLE-ICD II
This study enrolled a slightly different group of patients [35] . Whereas in the other trials discussed here the patients had severe symptoms of heart failure, the patients enrolled into this trial were less unwell and in NYHA class II. One hundred and ninety-one had successful implantation of devices. There were signifi cant improvements in cardiac function and structure as assessed by echocardiography, as well as in NYHA class. There was no major change in peak V . o 2 or 6-min walk test. Larger studies are being performed in patients with less severe heart failure to determine whether, over a longer time period, these patients benefi t from CRT.
COMPANION
The COMPANION trial, published in 2004, was also an important study [36] , and one of the largest to date, enrolling 1520 patients with heart failure. Three hundred and eight received optimal medical therapy alone, 617 received CRT and 595 received CRT with an additional defi brillator function (CRT-D). Enrolment criteria were NYHA class III-IV heart failure, an ejection fraction of Ͻ35% and a QRS duration of Ͼ120 ms. Death was a secondary endpoint in this study. CRT alone reduced the risk of death (hazard ratio 0.76; 95% CI 0.58-1.01, p ϭ 0.059), CRT-D reduced the risk of death signifi cantly (hazard ratio 0.64; 95% CI 0.48-0.86, p ϭ 0.003). In addition, in both pacemaker groups quality of life improved, as did NYHA class compared with optimal medical therapy alone.
CARE-HF
The CARE-HF study was presented in 2005 [37] . Eight hundred and thirteen patients with NYHA class III-IV heart failure were enrolled and followed up for an average of 29.4 months. Patients were in normal sinus rhythm, the ejection fraction had to be less than 35% and the QRS duration had to be more than 120 ms. If it was between 120 and 149 ms then, in addition, there had to be echocardiographic evidence that the contraction of the LV was dyssynchronous. All patients were on optimal medical therapy. This was the fi rst trial to conclusively demonstrate that CRT could reduce the risk of death in these patients, and its importance cannot be understated. The hazard ratio for death for patients treated with CRT compared to those treated with medication alone was 0.64 (95% CI 0.48-0.85, p Ͻ 0.002). In addition, quality of life improved -the NYHA class was 2.1 Ϯ 1.0 in the CRT group vs. 2.7 Ϯ 0.9 in the medication group (p Ͻ 0.001), and the Minnesota Living with Heart Failure score was 31Ϯ 22 vs. 40 Ϯ 22 (p Ͻ 0.001).
The evidence base behind CRT is now robust. They are recommended in patients with NYHA class III-IV heart failure and a broad QRS complex by both the American and the European 2005 heart failure guidelines.
'Resynchronisation therapy using bi-ventricular pacing can be considered in patients with reduced ejection fraction and ventricular dyssynchrony (QRS width Ն120 ms), who remain symptomatic (NYHA III-IV) despite optimal medical therapy to improve symptoms…hospi-talizations….and mortality.'
Guidelines for the diagnosis and treatment of chronic heart failure, European Society of Cardiology, 2005.
'There is strong evidence to support the use of CRT to improve symptoms, exercise capacity, quality of life, LVEF and survival and to decrease hospitalizations in patients with persistently symptomatic HF undergoing optimal medical therapy who have cardiac dyssynchrony (As evidenced by a prolonged QRS duration).'
Guideline update for the diagnosis and management of chronic heart failure in the adult, American Heart Association/American College of Cardiology, 2005.
An increasing number of devices are being implanted in the UK. Indeed, some cardiologists in training are now being trained solely to manage heart failure patients and implant these devices. But things are not so simple. These devices are expensive, an issue of great importance in today's world -a CRT device with defi brillator costs over £15000 in the UK, excluding the costs of care. It must be remembered that inserting these devices has its own risks. The procedure itself requires admission to hospital, at least overnight, and is uncomfortable. The patient is not able to use the arm on the side of the implant normally for approximately 6 weeks until healing takes place. There are also a number of other potential complications related to the procedure, including pneumothorax, lead displacement, infection, perforation of the heart/ coronary sinus and death. A recent meta-analysis suggested a death rate of 0.4% [38] .
Importantly, a signifi cant number of patients (around 30%) do not derive any clinical benefi t from resynchronisation using symptoms, ejection fraction and a broad QRS complex as selection criteria [6, 33] . This exposes a large number of patients to harm and wastes resources. Hence, we cannot be satisfi ed with these criteria as the only markers for patients who may benefi t from CRT.
One proposed way forward is to look directly for evidence of dyssynchrony, using the echocardiographic techniques described above, in an attempt to identify who will benefi t from so-called resynchronisation therapy. It has become clear from studies that LBBB is not an invariant marker of dyssynchrony [39] , and many patients with a normal QRS duration have uncoordinated left ventricular contraction and may benefi t from CRT [40] . 
Interventricular dyssynchrony
It was initially thought that one method by which CRT worked was the correction of interventricular dyssynchrony. Indeed, there is a good relationship between interventricular dyssynchrony and the QRS duration [41] . A number of studies have now suggested that measures of interventricular dyssynchrony do not predict benefi t from CRT, especially for patients with CHF [11, 42, 43] .
Intraventricular dyssynchrony
M-mode echo has not been found to be sensitive or specifi c in determining which patients respond to CRT [44] . For 2D echo measures, the situation is arguably worse; there are no data currently available on the effectiveness of these approaches in determining long-term outcome. There has, however, been a lot of interest in tissue Doppler measures.
Using TDI a delay of greater than 60 ms in the septal to lateral peak systolic velocity has been shown to predict an acute response to CRT [11; other studies, using more complicated models, have shown promising results, with a high sensitivity and specifi city [45] . Two studies using TSI have suggested sensitivities of 87% and specifi cities of 81 and 100% [12, 13] in predicting response to CRT. These techniques offer great promise in improving patient selection.
Other methodologies which require further investigation include strain and strain rate imaging [46] , speckle tracking of radial strain [47] , displacement mapping [48] and three-dimensional echo [49] . There is no doubt that there will be continuous refi nement of echocardiographic technology and signal processing to assist patient selection for CRT.
Other reasons for non-response
It is suggested that selecting a patient on ECG criteria alone is probably inadequate and newer echocardiographic techniques, which assess intraventricular dyssynchrony in particular, may improve our ability to identify patients who will benefi t from CRT.
Studies using 'non-contact mapping' allow detailed understanding of the precise patterns of electrical activation of the heart. This technique has already shown us that the ECG is not always a reliable indicator of left ventricular activation, underscoring that it is probably not the best method of selecting patients for CRT. It is reasonable to assume that the position of the left ventricular lead in relation to the pattern of ventricular activation is important in determining the overall success of CRT, and that a poorly placed lead may worsen the situation. Certainly some [50, 51] , but not all, studies have suggested this. Lambiase et al. [52] , using non-contact mapping, found that when the coronary sinus lead was placed in an area where there was slow conduction, patients did not respond to CRT [52] .
The precise coronary venous anatomy varies from patient to patient around a basic template [4] . Therefore, it may not be feasible to implant a lead in a desirable location. In addition, lead instability, no electrical capture of the myocardium or concurrent stimulation of other structures, in particular the diaphragm, which is often intolerable, may prevent suitable positioning of the left ventricular lead. There is requirement of better lead technology or a need to accept that the epicardial route is the best method for some patients. It may be possible to visualise suitable cardiac veins pre-operatively using CT scanning [53] , permitting improved selection of patients who are likely to have a successful transvenous implant. At present a pragmatic approach has to be adopted -an attempt is made transvenously, and if any suitable position can be obtained, preferably laterally, then that position is accepted. If no suitable vein can be found then the possibility of epicardial lead placement remains.
Conclusions
That cardiac resynchronisation therapy can benefi t many patients with heart failure is now uncontested by most. However, there is still much debate as to which patients actually benefi t. In addition to those who meet the classic criteria, whether this therapy can help a large number of patients with less severe heart failure, a narrow QRS complex, right bundle branch block or atrial fi brillation remains to be determined. It is a technology like so many others in medicine -applied before we understand how it works, who benefi ts and who it harms. This is perhaps an interesting, and not necessarily fl attering refl ection of doctors.
A time can be foreseen when a more precise anatomical and functional pre-operative assessment of patients, using a combination of approaches such as echocardiography and CT scanning, will allow us to be more confi dent as to which patients should be selected for CRT. In particular tissue Doppler assessment of intraventricular dyssynchrony appears promising.
Guidelines have been published at present by highly infl uential organisations, based on the best evidence that we have today. The irony of these is that we know many will not benefi t, and many who may benefi t will be denied therapy. There are an increasing number of clinicians who are prepared to offer any patient with severe symptoms secondary to heart failure a CRT device, and when faced with a desperate patient it is hard to deny them a chance. However, it must never be forgotten that there are fi nite resources, and that all procedures carry the risk of harm.
